In this article, we test the conclusion of Donato et al. (2009) concerning the universality of the DM halo surface density µ 0D = ρ 0 r 0 . According to our study, the dispersion of values of µ 0D is twice higher than that found by Donato et al. (2009) . We conclude, in contrast with Donato et al. (2009) , that the DM surface density and its Newtonian acceleration are not constant but correlate with the luminosity, morphological type, (B − V ) 0 colour index, and the content of neutral hydrogen. These DM parameters are higher for more luminous systems of early types with red colour and low gas content. We also found that the correlation of DM parameters with colour index appears to be the manifestation of a stronger relation between DM halo mass and the colour of a galaxy. This finding is in agreement with cosmological simulations (Guo et al, 2011) . These results leave little room for the recently claimed universality of DM column density. We also found that isolated galaxies in our sample (contained in the Analysis of the interstellar Medium of Isolated GAlaxies (AMIGA) catalogue) do not differ significantly in their value of µ 0D from the entire sample. Thus, since the AMIGA catalogue gives a sample of galaxies that have not interacted with a significant mass neighbour in the past 3 Gyr, the difference between the systems with low and high values of µ 0D is not related to the merging events during this period of time.
INTRODUCTION
Although the ΛCDM model has been shown in the last decade to predict with high accuracy observations on cosmological 1 , and intermediate scales (Spergel et al. 2003; Kowalski et al. 2008; Percival et al. 2010; Komatsu et al. 2011; Del Popolo 2007; , the quoted paradigm is not successful to the same extent in explaining observations on smaller scales, from tens of pc to some kpc. A well-known problem of the ΛCDM model on small scales is the discrepancy in the predicted cuspy density profiles of galaxies in N-body simulations Navarro et al. 1997; Navarro et al. 2010) , and the observed cored profiles in dwarf spirals, dwarf spheroidals (dSphs) and low-surface-brightness galaxies (Burkert 1995; de Blok et al. 2003; Swaters et al. 2003; Del Popolo 2009 (DP09) , Del Popolo & Kroupa 2009; Del Popolo 2010 , Del Popolo 2012a Del Popolo 2012b ; Del Popolo & Hiotelis 2014; Kuzio de Naray & Kaufmann 2011) . This problem, known as the cusp/core problem (Moore 1994; Flores & Primack 1994 ) is flanked by the "missing satellite problem" dealing with the discrepancy between the number of subhaloes predicted in N-body simulations (Klypin et al. 1999; Moore et al. 1999 ) and that observed. The subhaloes predicted in simulations are not only more numerous than satellites of galaxies like the Milky Way (MW), but also more dense than expected Boylan-Kolchin et al. 2012) . Smooth Particle Hydrodynamics (SPH) simulations of a galaxy with not enough large resolution, and not taking properly account of feedback mechanisms, like, for example, supernovae explosions, produce discs too small with respect to the discs of spiral galaxies (van den Bosch et al. 2001 ; Mayer et al. 2008 ). The angular momentum distributions produced are not in agreement with those observed, since angular momentum is lost during repeated collisions through dynamical friction. Addi-tional concerns come from the flatness at the low-mass end of the luminosity function (e.g., Montero-Dorta & Prada 2009 ), the galactic stellar mass function (Baldry et al. 2008; Li & White 2009) , and the HI mass function (Martin et al. 2010 , as well as the "void phenomenon" (Peebles 2001; Tinker & Conroy 2009) , and the discrepancy in the sizes of mini-voids obtained in ΛCDM simulations and those observed (Tikhonov & Klypin 2009 ).
Several solutions have been proposed to the previous problems, based on modifying the particles constituting dark matter (DM) (Colín et al. 2000; Sommer-Larsen & Dolgov 2001; Goodman 2000; Peebles 2000) , modifying the power spectrum (e.g. Zentner & Bullock 2003) , modifying the theory of gravity (Buchdahl 1970; Starobinsky 1980; Milgrom 1983b; Milgrom 1983a; Ferraro 2012) , or astrophysical solutions based on mechanisms that "heat" DM 2 . Delegating the solutions of the previous problems to the poorly understood and complex phenomena happening in dense plasma and to baryonic physics in general is more natural, but not easy.
Often in astrophysics, scaling relations are of noteworthy help in understanding complex phenomena and in constraining DM properties and formation scenarios.
In this context, Kormendy & Freeman (2004) found several interesting relations among DM halo parameters, obtained through mass modelling of the rotation curves of 55 galaxies using a pseudo-isothermal profile as a fitting profile. Of particular interest is the quantity µ0D = ρ0 p.i.r0 p.i., where r0 p.i. is the core radius of the pseudo-isothermal profile, and ρ0 p.i. its central density. They found that the previous quantity, the surface density of DM haloes, is independent of galaxy luminosity in the case of late-type galaxies and has a value of ≃ 100M⊙pc −2 . The previous result was extended by Donato et al. (2009) (hereafter D09) using ≃ 1000 spiral galaxies, and dwarfs rotation curves and the weak lensing of spirals and ellipticals; they claimed a quasiuniversality of the central surface density of DM haloes.
Prompted by the previous claim, Milgrom (2009) showed that modified Newtonian dynamics (MOND) predicts, in the Newtonian regime, a quasi-universal value of µ0D for every different kind of internal structure and for all masses. The quoted quasi-universality was extended by Gentile et al. (2009) (G09) to luminous matter surface density. Namely, they claimed that the ratio of luminous to dark matter is constant within one halo scalelength.
The D09 and G09 results are based on the assumption that all galaxies, from dwarfs to ellipticals, are fitted by a Burkert DM halo density profile: ρ(r) = ρ0r 
The Burkert profile usually gives a good fit to the 2 The two main mechanisms are a) supernovae feedback Gelato & Sommer-Larsen 1999; Read & Gilmore 2005; Mashchenko et al. 2006 , Mashchenko et al. 2008 Governato et al. 2010; Zolotov et al. 2012) , and b) transfer of energy and angular momentum from baryons to dark matter through dynamical friction (El- rotation curves of dwarfs and LSBs (Gentile et al. 2004 , Gentile et al. 2007 ), but exceptions exist (Simon et al. 2005; de Blok et al. 2008; Del Popolo 2012b) . For example Simon et al. (2005) showed that in the case of NGC 2976, 4605, 5949, 5693 and 6689, the inner slope of the density profile spans a range ≃ 0 (NGC 2976) to −1.28 (NGC 5963). de found that brighter, larger galaxies with MB < −19 have density profiles well fitted by both cuspy profiles and cored ones, while less massive galaxies with MB > −19 are best fitted by cored profiles. Even the MW dSphs could have cuspy profiles. According to Strigari et al. (2010) , and , Fornax has a cuspy profile, while it is cored according to other authors (Jardel & Gebhardt 2012; Walker & Peñarrubia 2011; Amorisco & Evans 2012; Battaglia et al. 2008; Agnello & Evans 2012) .
Concerning elliptical galaxies, the analysis is more complex than in the case of spirals. Several methods are used to study the content and distribution of DM, for example the virial theorem (see , the X-ray properties of the emitting hot gas (see Buote & Humphrey 2012 for a review, Nagino & Matsushita 2009), the dispersion velocities of kinematical tracers and stellar dynamics (see Gerhard 2010 for a review; Napolitano et al. 2011 ) and combining weak and strong lensing data (see Ellis 2010 and Treu 2010 for a review).
Nowadays we know from X-ray, lensing observations and stellar dynamics studies that elliptical galaxies are surrounded by large DM haloes, even if studies of some years ago, based on Jeans analysis, concluded that the quantity of DM in ellipticals was meagre (Romanowsky et al. 2003) 3
In the present day, Chandra, XMM, and Suzaku have measured the temperature profiles of many galaxies accurately, leading to precise constraints on the M/L ratios of those galaxies (see Buote & Humphrey 2012 and references therein) . The increase of M/L with radius, the dynamics of satellite galaxies (Prada et al. 2003) and weak lensing (Hoekstra et al. 2005; Kleinheinrich et al. 2006; Mandelbaum et al. 2006; Heymans et al. 2006) show that the DM halo mass is much larger than the stellar mass. However, doubts remain as to the functional form of the best-fitting DM profile (e.g. Navarro-Frenk-White (NFW), consistent with X-ray data, and the Sersic-Einasto profile (Merritt et al. 2006; Graham 2013 ) consistent with dissipationless simulations).
The previous discussion puts obvious doubts on the conclusions of D09 and G09, based on the assumption that all the galaxies in their sample are well fitted by cored profiles, namely the Burkert profile.
Several authors have studied the surface density of galaxies, reaching opposite results to those of D09 and G09, namely that the surface density is not universal. Napolitano et al. (2010) showed that the projected density of local early-type galaxies within the effective radius is larger than that of dwarfs and spirals. This systematic increase with the mass of the halo was also noticed by Boyarsky et al. (2009) . The Boyarsky et al. (2009) sample was larger than those of D09 and G09, including groups and clusters. The dark matter column density, S, defined by Boyarsky et al. (2009) 
is proportional to the mean surface density in r⋆ (i.e., ρ * r * is equal to ρ0r0 for the Burkert density profile). Here r⋆ is the characteristic scale at which the inner slope of the DM density profile changes towards its outer asymptotic value, with an average density ρ * within this radius. The dark matter column density, S, is given in Boyarsky et al. (2009) by log S = 0.21 log M halo 10 10 M⊙ + 1.79
with S in M⊙pc −2 . Cardone & Tortora (2010) , based on central velocity dispersion of local galaxies and strong lensing at intermediate redshift, have shown that the Newtonian acceleration and column density correlate with different quantities: the visual luminosity LV , the effective radius re, the stellar mass M * and the halo mass M200 in agreement with Boyarsky et al. (2009) and in disagreement with the results of D09 and G09. Napolitano et al. (2010) calculated < ρDM > re, which is proportional to the column density S, for a large sample of elliptical galaxies. They found that early-type galaxies violate the constant-density scenario.
Del found a correlation of the surface density with M200, in agreement with Napolitano et al. (2010) , Cardone & Tortora (2010) , and Boyarsky et al. (2009) , but with a smaller scatter, and they also found a correlation between baryon column density and mass.
The results of Cardone & Del Popolo (2012) followed as close as possible the analysis of D09 end G09, but improving the way the halo models were estimated 4 and doubling the D09, G09 sample, allowing for an investigation of selection effects. They found a correlation between the Newtonian acceleration and the virial mass Mvir, testifying against the universality claimed in the D09 and G09 articles.
In the present article, we extend the sample used in Cardone & Del Popolo (2012) to study whether new data change the Cardone & Del Popolo (2012) and Del conclusions. Moreover, we expand the previous analysis, studying whether the surface density and Newtonian acceleration correlate with luminosity, morphological type, colour index and neutral hydrogen content.
The article is organized as follows. In Section 2, we discuss the methods utilized to obtain the parameters of DM haloes in the current article. In Section 3, we discuss the uncertainties in the DM parameter estimates, including the possible effect of non-universality of the initial mass function (IMF); results are given in Section 4, while Section 5 is devoted to a discussion and conclusions.
ON THE METHODS OF DM HALO PARAMETERS ESTIMATION
As previously reported, it was claimed by D09 that the surface density of DM haloes µ0D = ρ0r0 is constant for galaxies of different types and luminosities. The universality of the surface density of DM haloes is intriguing, because according to D09 it persists for dark halo parameters obtained using different methods. In fact, different approaches could give significantly different results even when applied to the same systems. For disc galaxies, one can perform the decomposition of the rotation curve into the contributions of bulge, gaseous and stellar disc and DM halo:
Best-fitting model of the rotation curve
Using the so-called best-fitting model, based on minimizing the deviation of the model rotation curve from the observed one, could give rise to different parameters of the dark matter halo for the same object. This problem can have several solutions, due to the uncertainty of the baryonic contribution to the total mass of a galaxy. To avoid this degeneracy, one should introduce additional information when performing mass modelling of disc galaxies. To do this, one can fix the surface density of the baryonic matter and consequently the contributions to the rotation curve of the bulge v 2 bulge (r) and the disc:
where
, Kn and In are modified Bessel functions and σ 0d and r d are the central surface density and exponential scalelength of an exponential disc. The bulge contribution v 2 bulge (r) is modelled in the same way as for the disc: when the density distribution is known (it is usually accepted to be proportional to the surface brightness, e.g. Kings or Sersics law), one can obtain the gravitational potential φ using Poissons equation:
After that, one can calculate the contribution to the circular velocity:
When the contributions of bulge and disc to the rotation curve are known, the model of the rotation curve is constructed by choosing the parameters of the DM halo minimizing the remaining difference between the baryonic and observed rotation curves. To fix the baryonic density, one uses additional observational data. In the absence of additional information on the baryonic density, one can use the maximum disc model, in which one adopts the highest possible contribution of baryonic matter to the rotation curve.
Photometric approach
To obtain the surface density of the stellar disc and bulge, one can use stellar population synthesis models together with surface photometry (see e.g. de . In this approach, the stellar surface density radial profile is calculated from the profile of surface brightness multiplied by the mass-to-light ratio, which is obtained from the observed colour index and stellar population synthesis model M/L -colour relation (see e.g. Bell & de Jong 2001) :
The density of the gaseous disc could be found from radio observations. One can also perform a more detailed analysis to put constraints on the stellar density distribution, as was done in Kasparova et al. (2014) , where the density of the stellar bulge and disc were determined from modelling of long-slit stellar spectra, together with the spectral energy distribution.
Method based on spiral-arm density-wave theory
Another way to fix the baryonic density in mass decomposition is to take into account the presence of spiral structure (see e.g. Athanassoula et al. 1987 , Fuchs 2003 . Density wave theory allows us to make a prediction of the number of spiral arms. The circumferential wavelength of the spiral density waves is connected to the critical wavelength, which in turn is related to the density of the disc:
where σ d is the surface density of the disc, G is gravitational constant and κ = 2Ω · (1 + (r/2Ω) · (dΩ/dr)) is the epicyclical frequency, determined by the angular velocity Ω. The number of spiral arms m is connected to the critical wavelength through the equation m = 2πr/Xλcrit, where X is the coefficient depending on the slope of the rotation curve. Thus knowing the number of spiral arms allows one to determine the density of the disc, which can be fixed in rotation curve decomposition. This in turn allows one to narrow the range of possible parameters of the DM halo.
2.4
The approach based on the disc marginal gravitational stability
In another approach, one can use the marginal gravitational stability criterion (see Bottema 1993; Zasov et al. 2011; Saburova 2011; Saburova & Zasov 2012 ) to obtain the density of the disc. For a thin disc with parameters slowly varying with r, the local critical value of the radial velocity dispersion of stars is defined by the Toomre criterion:
where cT = 3.36Gσ d /κ and parameter QT depends on the radius and lies in the range 1 < QT < 3 (see Khoperskov et al. 2003) . Thus, if the radial stellar velocity dispersion cr is known, one can assume that the disc is in a marginally stable state, estimate the surface density of the disc independently and then use it in mass modelling.
Techniques applied to ellipticals and dwarf spheroidals
To determine the DM halo parameters of elliptical galaxies, one can use the X-ray properties of hot gas (see e.g. Humphrey et al. 2006) , planetary nebulae or stellar kinematical data (see e.g. Napolitano et al. 2009 and Weijmans et al. 2009 ). The DM properties of dwarf spheroidal galaxies could also be obtained from kinematical data by applying Jeans analysis to the velocity dispersion profiles (see Frigerio Martins 2009). Wu (2007) performed modelling of dSph galaxies as axisymmetric stellar systems in spherical potentials, which are in dynamical equilibrium without significant external tidal forces.
ON THE UNCERTAINTY OF THE ESTIMATE OF DM PARAMETERS
As different approaches use different assumptions, they can give different results. A good example of this could be LSBs. Based on stellar population models with standard Salpeter-like stellar IMF, LSBs are believed to be darkmatter-dominated systems. However, some independent estimations of their disc masses give evidence that LSBs may have extremely high disc mass-to-light ratios in the presence of a dark halo of moderate mass (see e.g. Saburova 2011 , Fuchs 2003 , which can be explained if the IMF of LSBs is not universal but rather bottom-heavy (with an excess of low mass stars, which contribute to the mass of the galaxy but have no significant contribution to the luminosity: see Lee et al. 2004) . Different assumptions made for these objects lead to a different understanding of their nature and consequently to different DM parameters. To explore how uncertain the parameters of a DM halo might be, we compared the DM surface densities obtained using different approaches for three well-studied highsurface-brightness galaxies -NGC 2841, M33 and NGC 3198 -and two LSBs -ESO 18655 and ESO 23413 (see Fig.  1 ). Different colours in Fig. 1 correspond to different methods of rotation curve decomposition, which include best-fit modelling, an approach based on spiral structure analysis, a method based on the marginal gravitational stability condition and the photometric approach. For the source of the DM parameters, see Table 1 . It follows from Fig. 1 that the dispersion of DM surface density could reach ≈ 1.2 dex for the same galaxy (for NGC 2841). This is mostly due to the fact that every method has its own uncertainty. For example, the method based on the marginal gravitational stability condition gives only the upper limit of the surface density of the disc, because the disc could have a stellar velocity dispersion higher than is needed for the gravitationally stable state and hence this gives the lower limit of the DM halo density.
In best-fit modelling, due to the unknown contribution of baryonic matter to the total mass of the galaxy, one can obtain several solutions of the problem of rotation curve decomposition that reproduce the observed rotation curve equally well.
On the non-universality of the IMF and its possible effects on DM halo parameter estimates
The photometric approach is based on the assumption that the IMF is universal. However, there is evidence that the Shchelkanova et al. (2013) IMF could change in early-type galaxies with central stellar velocity dispersion, mass (see, e.g. La ) and stellar mass-to-light ratio (Cappellari et al. 2012 ). Tortora et al. (2013) concluded that early-type galaxies with high central stellar velocity dispersion tend to have an excess of low mass stars relative to spirals and early-type galaxies with low velocity dispersions. Recently, Martín-Navarro et al. (2014) found that the IMF could also vary with radius. Systematic changes of the IMF could lead to systematic changes of stellar mass estimations and consequently to a difference in DM surface densities. The DM halo surface densities calculated from the DM halo parameters obtained by de Blok et al. (2008) , taking into account transformations to the Burkert DM density distribution (see Section 4 for the equations), are systematically different for Kroupa (Kroupa 2001 ) and diet-Salpeter (Salpeter 1955) IMFs. The mean value of the pseudo-isothermal DM halo density for the diet-Salpeter IMF is log(µ0D) = 1.94 ± 0.35, whereas for Kroupa IMF: log(µ0D) = 2.19 ± 0.47. The same conclusion is valid for a cuspy NFW profile: the DM surface density is higher for models with Kroupa IMF, log(µ0D) = 2.32 ± 0.47, than for the Salpeter IMF, log(µ0D) = 2.11 ± 0.44. The surface density of the DM halo is higher for the Kroupa IMF, because it corresponds to 1.4 times lower stellar mass. One should mention, however, that the difference between the DM surface densities obtained for the different IMFs is quite moderate and the estimates are consistent within the errors.
Another possible effect of IMF variation could appear, due to the fact that mass models with lower stellar M/Ls are often obtained for the cuspy profiles due to the steeper mass distribution (see de Blok et al. 2008) . Lower stellar M/L could be a result of a lower amount of low mass stars and correspondingly different IMF. To evaluate the influence of this effect on DM surface densities, we calculated the values of log(µ0D) from the DM parameters of the best-fitting models of de Blok et al. (2008) for NFW and pseudo-isothermal density distributions. In the calculation, we used transformations to the Burkert profile given in Section 4. We obtained the following values of the mean surface densities: log(µ0D) = 2.19 ± 0.41 for the pseudo-isothermal density distribution and log(µ0D) = 2.28 ± 0.43 for the NFW profile. The DM surface density is slightly higher for the NFW case in comparison with the pseudo-isothermal distribution. However, the difference is within the errors.
In the current article, for the DM parameters obtained by the photometric approach, the IMF is universal and has a diet-Salpeter form (Salpeter 1955) . According to Tortora et al. (2013) , one can expect that there could be a systematic change of the IMF from early to late-type galaxies. Early-type galaxies with high central velocity dispersion could possess higher stellar M/L in comparison with spirals. Having in mind that we use the diet-Salpeter IMF, which corresponds to models that are close to the maximum disc models (see de Blok et al. 2008) , we can expect that we will overpredict the stellar density for late-type galaxies. At the same time, we obtain a correct or even underestimated stellar surface density for early-type galaxies. Bearing in mind the discussion given above, this could mean the underestimation of DM surface density for spirals and overprediction for early-type galaxies. This could be the origin of the systematic effects in the relations discussed below. To avoid systematics that could be a result of the possible nonuniversality of the IMF, we used not only photometric but also other approaches for galaxies in the same range of luminosities, types and colours. We also calculated the averaged DM parameters for those galaxies for which values of DM parameters were obtained in different articles by different approaches. As can be seen below, all our conclusions are valid for galaxies with averaged estimates. This could mean that the non-universality of the IMF has no significant influence on our main conclusions.
RESULTS
As follows from the previous section, different approaches could lead to different DM parameters. As every method has its own weak point, it is important to use DM parameters obtained by different approaches in order to compensate for the uncertainties in each particular approach. Use of different approaches allows us to make general conclusions on the constancy of DM halo surface density. Having that in mind, we tested the constancy of DM surface density for the DM parameters available in the literature and obtained using the methods described above. When several DM parameter estimates were available for a galaxy, we averaged these parameters, taking into account the error bars and the difference in the adopted distances. When errors in DM parameters were absent in the source article, we assumed that the error is 30 per cent during averaging. The properties of the sample galaxies are given in Table A1 . We used a sample of galaxies and some methods that differ from those utilized in D09. Moreover, in contrast to D09, we used averaged DM parameters for those galaxies with several estimates of the DM parameters available in the literature, which allows us partly to avoid the systematic effects of the methods. The sample consists of 211 galaxies of different types. We used the following approaches to the DM parameter estimation described in Section 2: (i) -best fit modelling of the rotation curves (Shchelkanova et al. 2013 , Barnes et al. 2004 , Kasparova 2012 , Chemin et al. 2006 , van Eymeren et al. 2009 , Weijmans et al. 2008 , Spano et al. 2008 (iv) -approach based on the spectral energy distribution and longslit spectra modelling (Kasparova et al. 2014 ); (v) -method relying on the marginal gravitational stability of the disc (Shchelkanova et al. 2013 , Saburova & Zasov 2012 ); (vi) -approach taking into account the presence of spiral structure (Athanassoula et al. 1987 ); (vii) -method in which the stellar mass-to-light ratio is obtained from the colour index (the so-called "Bottema disc" of de Blok & McGaugh 1997); (viii) -method based on the X-ray properties of hot gas (Humphrey et al. 2006 ); (ix) -Jeans analysis based on planetary nebulae or stellar kinematical data (Napolitano et al. 2009 , Napolitano et al. 2011 , Weijmans et al. 2009 , Frigerio Martins 2009 ; (x) -modelling reproducing the observed velocity dispersion profiles and number density profiles (Wu 2007 ).
In all sources specified above, the authors used four types of DM density profile.
(i) Pseudo-isothermal profile:
This type of distribution was used in the following articles: (iii) Isothermal DM density distribution: (Athanassoula et al. 1987 , Chemin et al. 2006 , Spano et al. 2008 .
(iv) NFW profile: To make our analysis more general, we transformed the DM surface densities to the Burkert profile ρ0r0. When the parameters of the DM halo were given for pseudo-isothermal or NFW density distributions, we translated them to the values of a Burkert DM halo using the formulae from Boyarsky et al. (2009): 6.1rp.i. = 1.6r0, 0.11ρ0 p.i. = 0.37ρ0 (14) rs = 1.6r0, ρs = 0.37ρ0.
For the case of an isothermal distribution, we used the transformation from D09:
We compared the dark halo surface density with the absolute B magnitude, as was done by D09 (see Fig. 2 ). Circles correspond to the DM surface densities obtained for the sample. Galaxies for which DM parameters were obtained in more than one source and averaged estimates of the DM parameters obtained are marked by filled symbols. The error bars in Fig. 2 are calculated from the error values of the DM halo parameters given in the source article, according to the formula
To define the typical error bar that occurs due to the uncertainty in the rotation curve decomposition, we constructed different models of the rotation curve of UGC 5175 (as an example), using a fixed scalelength of baryonic matter h d = 2.36 kpc (Spano et al. 2008 ). We used a pseudoisothermal density distribution of the DM halo. The rotation curve was taken from Spano et al. (2008) . The parameters obtained for the DM halo and stellar disc of the galaxy are given in Table 2 , while the corresponding rotation curve models are shown in Fig. 3 . Blue, red, and black lines in Fig. 3 correspond to the contributions of the DM halo and the disc to the rotation curve and the total model rotation curve.
The range of different dark halo parameters for UGC 5175 is shown by the green line in Fig. 2 and below; this line could be interpreted as the typical error bar for objects with absent error values.
From Fig. 2 , it can be seen that the scatter of the dark matter halo parameters is twice as high as that found by D09. The mean value is log µ0D = 2.26 ± 0.46M⊙pc −2 . A very slight trend can also be seen towards higher values of log(µ0D) for more luminous (and consequently more massive) systems, in agreement with what was previously found by Boyarsky et al. (2009) . Boyarsky et al. (2009) claimed that this trend is in good agreement with cosmological simulations of dark matter by Macciò et al. (2008) . The linear regression line is shown in Fig. 2 by gray line 7 . The linear regression equation can be found in Table 3 . The correlation coefficient R of the trend is quite low; however, it is still statistically significant. Table 3 gives also the twice standard error of correlation coefficient 2σR = 2((1 − R 2 )/(N − 2)) 0.5 , where N is the number of objects. The correlation is also significant if we consider only those galaxies for which several DM parameter estimations were available and averaged (see Table 3 ). The averaged estimates are more reliable, since the systematic effects of the various approaches to DM parameter evaluation have less influence.
Besides the log(ρ0r0) -MB diagram, we also compared the DM Newtonian acceleration within r0, namely gDM = GMDM /r 2 0 , with the absolute B-band magnitude (see Fig.  4 ).
From Fig. 4 , it follows that there is a slight trend towards higher accelerations for higher luminosities, in good agreement with the findings of Cardone & Del Popolo (2012) . Our sample includes the sample of Cardone & Del Popolo (2012) and is larger than it. Additionally, we utilize different techniques of DM parameter evaluation, while Cardone & Del Popolo (2012) used only best-fit modelling. The gray line in Fig. 4 denotes the linear regression line. The equation and correlation coefficient with twice its standard error are given in Table  3 for both the entire sample and only those galaxies with averaged estimates.
From Figs. 2 and 4 , it can be seen that the behaviour 7 Here and below we calculated a simple linear regression. of high and low-luminosity systems in the diagrams is different. Dwarf galaxies with MB > −12 mag seem to have lower variation of DM surface density and acceleration with absolute magnitude, in contrast to high-luminosity systems, which show a stronger linear trend of these DM parameters with luminosity. To study this dichotomy, we divided the data into bins by the absolute B-band magnitude. Each bin had a width of 0.5 mag. After that, we calculated the median values of DM surface densities and accelerations for each bin and found a linear regression equation for the relation between the median values of DM parameters and absolute magnitudes. This approach allowed us to give more weight to the less numerous dwarf galaxies. The correlations become much weaker for the median fit: log(ρ0r0) = (1.83 ± 0.16) − (0.02 ± 0.01) · MB ; (R ± 2σ = 0.34 ± 0.38) and log(gDM (r0)) = (−8.82±0.16)−(0.02±0.01)·MB ; (R±2σ = 0.43 ± 0.37). However, if we don't take the dwarf galaxies (MB > −12 mag) into account, the situation changes and the correlations become more significant: log(ρ0r0) = (1.00 ± 0.24) − (0.06 ± 0.01) · MB; (R ± 2σ = 0.75 ± 0.31) and log(gDM (r0)) = (−9.56 ± 0.26) − (0.06 ± 0.01) · MB; (R±2σ = 0.72±0.33). This analysis confirms the dichotomy of low-and high-luminosity galaxies in the diagrams; however, to make further conclusions one needs more data on dwarf galaxies. A similar dichotomy was previously found by Napolitano et al. (2010) , who compared the projected density of DM in the central regions of galaxies with stellar masses for a large sample of galaxies. According to this comparison, galaxies with low stellar masses have almost universal projected DM density, while for other objects there is a trend of DM surface density with stellar mass. Since the universality of DM surface density is in good agreement with MOND (see Milgrom 2009), we decided to study how our results correspond to MOND. Milgrom (2009) concluded that MOND predicts a quasi-universal value of log(µ0D) = 2.14, which is very close to the value obtained by D09, shown in Fig. 2 by a thick black line. According to Milgrom (2009) , the quasi-universal value is not shared by objects with low surface densities, so the DM surface density could be lower. Thus, we should expect the DM surface density to be around 2.14 or lower. As can be seen from Fig. 2 this prediction is not confirmed by our data for highluminosity systems. Milgrom & Sanders (2005) have shown that MOND predicts the existence of the maximum possible halo acceleration, which spans a range of 0.2a0 − 0.4a0, where a0 is the MOND constant. We have overplotted in Fig. 4 the values of log(0.2a0) (dashed black line), log(0.3a0) (thick black line), log(0.4a0) (dotted black line), and log(a0) (thin black line). From Fig. 4 it can be seen that our data do not confirm this prediction of MOND. Some of the galaxies have values of gDM (r0) which are higher than not only 0.4a0 but even a0.
The relation between the parameters of the DM halo and the total B-band luminosities of the galaxies indicates that DM haloes could play a significant role in the processes of formation and evolution of galaxies. In order to make further progress, we decided to compare the surface density of the DM halo and its Newtonian acceleration with the observational properties of galaxies, such as morphological type, colour index and content of neutral hydrogen. All these quantities were found in the Hyperleda catalogue 8 (Paturel et al. 2003 ) for most galaxies of the sample. In Figs. 5, 6 we compare the surface density and Newtonian acceleration of DM haloes with the morphological types of galaxies. From these figures, it is evident that the parameters of DM haloes correlate with galaxy type. The correlation coefficients with their standard errors and the linear regression equation can be found in Table 3 , both for the entire sample and for only those galaxies with mean DM parameters. From Figs 5 and 6, it follows that galaxies with earlier morphological types, possessing a higher contribution of the bulge to the luminosity, tend to have higher values of DM halo surface densities µ0D and accelerations gDM (r0) in comparison with late-type galaxies. Weak but statistically significant correlations are also found between DM halo surface density and acceleration and the colour indices (B −V )0 corrected for dust extinction (see Figs. 7 and 8) . We also found a very slight but significant correlation between the DM halo parameters and the hydrogen content per unit of B-band flux, hic = m21cm − mB (Figs. 9, 10) . Galaxies with higher contents of hydrogen possess lower values of hic. The correlation coefficients and the linear regression coefficients for the relations are given in Table 3 . As can be seen from Table 3 , the correlation coefficients are higher for galaxies with averaged DM parameter estimates.
The correlations found could mean that early-type galaxies with passive star formation and low content of gas have denser DM haloes than late-type ones. If these correlations are real, then one can conclude that the properties of the DM halo could determine the evolution of the visible galaxy. Galaxies with denser DM haloes could form their stars more effectively and lose their gas faster than those with less massive haloes. Also, one cannot exclude the possibility that the interaction between DM and baryons had an influence on the DM density distribution (see, e.g. Wu et al. 2014) .
The correlations between DM halo central surface density µ0D and acceleration gDM and (B −V )0 could be the result of the relation between DM halo mass and the colour of a galaxy. According to cosmological simulations, red galaxies reside in more massive DM haloes in comparison with blue ones (see e.g. Wang & White 2012 , Guo et al. 2011 ). To test whether our results agree with this conclusion, we compared the DM halo masses inside optical radius r25 and the (B − V )0 colour indices (see Fig. 11 ). For high-surfacebrightness galaxies, we used the radius of the B-band 25 mag arcsec −2 isophote as the optical radius, while for LSBs we utilized four exponential disc scalelengths instead (the scalelengths were taken from the source articles). From Fig.  11 , it follows that the correlation between DM halo mass and (B −V )0 colour is stronger than that for DM surface density and acceleration (see Table 3 for the correlation coefficients). This could mean that the relation between the surface density and Newtonian acceleration of the DM halo and the colour index is the manifestation of a stronger link between DM halo mass and the evolutionary state of a galaxy.
Another thing that could follow from the correlations is that red galaxies could undergo more merging events in comparison with blue ones. We tested whether isolated galaxies differ from other galaxies of the sample in their values of µ0D. To do this, we selected the galaxies of our sample presented in the Analysis of the interstellar Medium of Isolated GAlaxies (AMIGA) catalogue of isolated systems 9 . The catalogue provides a list of galaxies that have not interacted with a significant mass neighbour in the past ∼ 3 Gyr. The mean value of the DM surface density of isolated galaxies log(µ0D) = 2.35 ± 0.42 does not differ from that for the entire sample (see above). According to the KolmogorovSmirnov test at 0.05 level, these galaxies are not significantly different from the whole sample.
DISCUSSION AND CONCLUSIONS
The galaxy formation process is a complex topic not completely understood to date. Scaling relations can help us to extend our knowledge on this topic. When certain parameters of galaxies turn out to be universal, they have great importance, since universality implies the existence of some important physical mechanism driving the process studied. In our case, the universality of DM surface density described in D09 and G09 has a strong meaning. It strongly couples DM and baryon evolution in galaxies (see G09): a large central luminous density hints at a large core, which means a small quantity of DM in the central part of the galaxy. This low quantity of DM in the centre of dwarfs has been related by G09 to the "mass discrepancy-acceleration relation" (McGaugh 2004; Milgrom 1983b) , and MOND. In more standard scenarios, which are based on the idea that the ΛCDM model is able to explain the universe on small scales 9 http://amiga.iaa.es/p/1-amiga-home.htm when baryon physics is taken appropriately into account, the low DM density in dwarf cores has been explained as a by-product of supernova explosions Gelato & Sommer-Larsen 1999; Read & Gilmore 2005; Mashchenko et al. 2006; Governato et al. 2010) or resulting from the transfer of energy and angular momentum from baryons to DM through dynamical friction (El-Zant et al. 2004 Romano-Díaz et al. 2008; Cole et al. 2011) .
Motivated by the results of D09 and G09, in the present article we revisited the constancy (universality) of the DM halo surface density µ0D and its Newtonian acceleration gDM within the core radius for galaxies of different luminosities found by D09. The adopted sample is different from that of D09 and we used DM parameters obtained using some methods different from that used in D09. According to our study, the dispersion of values of surface density µ0D is twice as high as that of D09 and G09. Also, we found that both µ0D and gDM correlate with luminosity, in good agreement with the previous findings of Cardone & Del Popolo (2012) and Boyarsky et al. (2009) . We also found that galaxies with high and low luminosities behave differently in µ0D and gDM versus MB diagrams. Faint objects (with MB > −12 mag) have low variation of DM surface densities and accelerations with absolute B-band magnitude, in contrast to luminous systems, which tend to have a strong relation between these DM properties and luminosity.
We also revealed weak but statistically meaningful correlations between these parameters and the morphological type, colour index and content of neutral hydrogen per Bband flux. Galaxies of early types and with low content of gas tend to have higher values of µ0D and gDM . A relation between DM halo surface density and acceleration and (B − V )0 colour index seems to be a manifestation of a stronger correlation with DM halo mass. This conclusion is in agreement with the results of cosmological simulations, where red galaxies reside in more massive DM haloes in comparison with blue ones (see e.g. Wang & White 2012 , Guo et al. 2011 . The correlations are statistically significant for both the entire sample of galaxies and the most reliable averaged DM parameter estimates for galaxies with several evaluations of the DM parameters. This could indicate that intrinsic systematic effects of the methods of evaluation of the DM density distribution may have insignificant influence on our results.
We also found that the difference between galaxies with high and low values of µ0D is not due to merging events in the past 3 Gyr, since the DM surface densities of isolated AMIGA galaxies of our sample are not significantly different from those of the entire sample.
Our results contradict the universality of DM density and acceleration found by D09 and G09. The quoted constancy of surface density and Newtonian acceleration in r0 is one of MOND's prediction. Rephrasing Milgrom (2009) , the surface density is constant for objects of any internal structure and mass, if they are in the Newtonian regime (see Milgrom 2009 ). This MOND prediction is not confirmed by our data. Our result is also at odds with the MOND prediction of maximal halo acceleration (see Milgrom & Sanders 2005) .
Thus, our results seem to contradict the conclusions of . "log(ρ 0 r 0 ) -morphological type " diagram. Gray line denotes the linear regression. Circles correspond to the DM surface densities obtained for the sample. Galaxies for which the DM parameters were obtained more than in one source and the averaged estimates of log(ρ 0 r 0 ) were made are marked by filled symbols. Green line shows the range of different dark halo parameters for UGC5175. . "log(g DM ) -morphological type" diagram. Circles correspond to the DM accelerations obtained for the sample. Galaxies for which the DM parameters were obtained more than in one source and the averaged estimates of acceleration were made are marked by filled symbols. Green line shows the range of different dark halo parameters for UGC5175. 
Circles correspond to the DM accelerations obtained for the sample. Galaxies for which the DM parameters were obtained more than in one source and the averaged estimates of g DM were made are marked by filled symbols. Green line shows the range of different dark halo parameters for UGC5175. Gray line denotes the linear regression. . "log(ρ 0 r 0 ) -hydrogen content per B-band flux hic " diagram. Gray line denotes the linear regression. Circles correspond to the DM surface densities obtained for the sample. Galaxies for which the DM parameters were obtained more than in one source and the averaged estimates of log(ρ 0 r 0 ) were made are marked by filled symbols. Green line shows the range of different dark halo parameters for UGC5175. Figure 11 . The logarithm of the DM halo mass within the optical radius log(M halo (r 25 )) compared to the (B − V ) 0 colour index. Gray line denotes the linear regression. Galaxies for which the DM parameters were obtained more than in one source and the averaged estimates of the DM halo masses were made are marked by filled symbols. Green line shows the range of different dark halo masses for UGC5175. 
The entire sample log(ρ 0 r 0 ) = (1.31 ± 0.2) − (0.05 ± 0.01) · M B 0.32 0.13 log(g DM (r 0 )) = (−9.28 ± 0.20) − (0.05 ± 0.01) · M B 0.33 0.13
Galaxies with the averaged estimates log(ρ 0 r 0 ) = (1.45 ± 0.32)
The entire sample log(ρ 0 r 0 ) = (2.48 ± 0.05) − (0.04 ± 0.01) · t 0.37 0.13 log(g DM (r 0 )) = (−8.09 ± 0.05) − (0.04 ± 0.01) · t 0.34 0.13
Galaxies with the averaged estimates log(ρ 0 r 0 ) = (2.67 ± 0.10) − (0.07 ± 0.01) · t 0.56 0.22 log(g DM (r 0 )) = (−7.90 ± 0.10) − (0.07 ± 0.01) · t 0.56 0.22
The entire sample log(ρ 0 r 0 ) = (1.73 ± 0.10) + (0.96 ± 0.17)
Galaxies with the averaged estimates log(ρ 0 r 0 ) = (1.59 ± 0.17) + (1.52 ± 0.33)
The entire sample log(ρ 0 r 0 ) = (2.05 ± 0.05) + (0.11 ± 0.02) · hic 0.38 0.14 log(g DM (r 0 )) = (−8.49 ± 0.05) + (0.10 ± 0.02) · hic 0.36 0.14 Galaxies with the averaged estimates log(ρ 0 r 0 ) = (1.98 ± 0.05) + (0.19 ± 0.03) · hic 0.68 0.22 log(g DM (r 0 )) = (−8.58 ± 0.06) + (0.18 ± 0.03) · hic 0.67 0.21
The entire sample log(M halo (r 25 )) = (8.34 ± 0.22) + (3.58 ± 0.38) · (B − V ) 0 0.65 0.14 Galaxies with the averaged estimates log(M halo (r 25 )) = (8.60 ± 0.26) + (3.18 ± 0.49) · (B − V ) 0 0.73 0.23 D09 and G09. At the same time, they do not confirm the MOND predictions related to the inner structure of galaxies.
Zolotov A., Brooks A. M., Willman B., Governato F., Pontzen A., Christensen C., Dekel A., Quinn T., Shen S., Wadsley J., 2012, ApJ, 761, 71 APPENDIX A: THE SAMPLE Table A1 : The properties of sample galaxies. (1) (2014); (9) the method of estimation of the DM parameters: I -best fit model, II -maximum disc model, III the method based on the stellar population synthesis model colour-mass-to-light ratio relation, IV -the approach based on the spectral energy distribution and long-slit spectra modeling, V -the method relying on the marginal gravitational stability of the disc, VI -the approach taking into account the presence of spiral structure, VII -the method based on X-ray properties of hot gas VIII -Jeans analysis based on planetary nebulae or stellar kinematical data, IX -the modeling reproducing the observed velocity dispersion profiles and number density profiles, X -Bottema disc of de Blok & McGaugh (1997) . 
